All reads are available at Sequence Read Archive (SRA) under the BioProject PRJNA517719.

Introduction {#sec001}
============

Human populations are increasingly moving from rural to urban centers resulting in fundamental habitat alterations that have caused local extinctions of many native species. This influx of humans and domestic animals also creates suitable habitats that can be colonized by invasive species, including human pests and pathogens. Given the current rate of immigration and urbanization, the geographic distributions of many pathogens will depend on the manner in which their hosts and vectors interact with the novel biotic and abiotic features of growing cities \[[@pntd.0007910.ref001]\].

Proliferation in an ecosystem is accomplished by immigration to a new location, establishment (reproduction and population growth), and dispersal to new areas within the ecosystem \[[@pntd.0007910.ref001]\]. Investigations into the dynamic processes of immigration, establishment, and dispersal of disease-causing agents in human-altered ecosystems are particularly important for public health risk management because the distribution and abundance of these pest species is correlated with the incidence of disease in humans \[[@pntd.0007910.ref002]\]. In this study, we examine the dispersal pattern of *Trypanosoma cruzi*, the causative agent of Chagas disease, around the region of Arequipa, Peru.

The Chagas disease system in Arequipa, Peru is ideal to study pathogen dispersal in a rapidly changing environment for several reasons. First, a single introduction of *T*. *cruzi* recently established in Arequipa and has since dispersed to many districts in the city \[[@pntd.0007910.ref003]\]. A single population allows dispersal patterns through the city to be assessed without being confounded by repeated immigration from other geographic regions. Second, the expansion of urban and semi-urban environments over the past \~50 years \[[@pntd.0007910.ref004],[@pntd.0007910.ref005]\] has resulted in a mosaic of several habitat types, including different quantities of domestic animals and different husbandry practices, each of which provides unique challenges and opportunities for *T*. *cruzi* to establish and proliferate \[[@pntd.0007910.ref005]--[@pntd.0007910.ref007]\]. Lastly, this system is well studied, permitting hypotheses about the proximal causes of dispersal patterns to be formed. For example, dispersal of *Triatoma infestans*, the only vector of *T*. *cruzi* in Arequipa, is hindered by roads between city blocks, making it unlikely that the vector facilitates *T*. *cruzi* block-to-block migration \[[@pntd.0007910.ref006]\]. Additionally, the number of domestic animals in and around each house in Arequipa is known, which will allow us to correlate the migration patterns of *T*. *cruzi* with the presence and abundance of important reservoir hosts in future studies. Here, we investigate how a zoonotic pathogen has dispersed across this complex urban landscape by analyzing the genome sequences of 123 *T*. *cruzi* isolates collected throughout the city of Arequipa, Peru.

Results {#sec002}
=======

*T*. *cruzi* cluster within city blocks, not within districts {#sec003}
-------------------------------------------------------------

123 DTU 1 *T*. *cruzi* parasites, representing a single, closely related population \[[@pntd.0007910.ref003]\], were collected from ten geographically-distinct districts throughout the region of Arequipa, Peru ([Fig 1](#pntd.0007910.g001){ref-type="fig"}). Multiple isolates were sequenced from 20 of the 37 blocks in Arequipa where *T*. *cruzi* were found. On only three of these blocks were all of the isolates sequenced cultured from different bugs collected from a single house, although the isolates were collected in different years in two of these cases. On 17 blocks, an average of 5 isolates were sequenced which were cultured from bugs collected from an average of 3 houses per block. The common ancestor of the Arequipan *T*. *cruzi* population was estimated to live as recently as 8.8kya, however there is significant uncertainty in estimates of divergence times \[[@pntd.0007910.ref003]\]. A total of 9271 of the \>28 million sites in the genome sequences were polymorphic from the 123 *T*. *cruzi* parasites. The average pairwise genetic distance between all samples was 1726 SNPs ([Table 1](#pntd.0007910.t001){ref-type="table"}). The average pairwise distance between samples from different houses within city blocks, however, was considerably smaller (620 SNPs). Further, the average pairwise distance between samples from different blocks within each district was much greater (1925 SNPs) than within-block genetic differences ([Fig 2](#pntd.0007910.g002){ref-type="fig"}). There is significantly less variation among samples from different houses within blocks than expected (p\<0.001) given the total diversity among samples ([Fig 2](#pntd.0007910.g002){ref-type="fig"}; [Table 2](#pntd.0007910.t002){ref-type="table"}). The limited genetic diversity within each block observed in population genetic analyses is also evident in phylogenetic analyses as most city blocks contain a single *T*. *cruzi* lineage where all within-block diversity was generated by mutations after colonization of the block ([Fig 3](#pntd.0007910.g003){ref-type="fig"}, [S1 Appendix](#pntd.0007910.s009){ref-type="supplementary-material"}). This result is also supported by ADMIXTURE analyses of the 56 samples from the densely-sampled Mariano Melgar district, confirming that most city blocks are dominated by a single *T*. *cruzi* genetic cluster representing a single lineage ([S1 Fig](#pntd.0007910.s001){ref-type="supplementary-material"}). Additionally, although sampling is limited, we find no evidence of temporal variation.

![**Map of sample collection locations in A) Arequipa, Peru and the B) Mariano Melgar district. A)** All 123 *T*. *cruzi* samples used in this analysis were collected within 100km of Arequipa, Peru from 2008--2015. Sampled *T*. *cruzi* isolates are represented by red dots. Mariano Melgar---the city center and most densely-sampled district---is indicated with a yellow star. Inset shows the location of Arequipa in southern Peru. Map of Arequipa was obtained from [https://landlook.usgs.gov](https://landlook.usgs.gov/), sample locations were plotted using QGIS v. 3.4 \[[@pntd.0007910.ref008]\], and inset was modified from <https://commons.wikimedia.org/wiki/Atlas_of_the_world> \[[@pntd.0007910.ref009]\]. **B)** Blocks from which *T*. *cruzi* were collected in the Mariano Melgar district (N = 56) are numbered 1--12 with the number of samples collected per block in parentheses. No parasites were collected in unlabeled blocks. Blocks are displayed in a grid to maintain privacy with black lines representing streets separating blocks.](pntd.0007910.g001){#pntd.0007910.g001}

![*T*. *cruzi* isolates collected from the same block are genetically similar.\
Violin plots represent the number of pairwise SNP differences among pairs of samples collected in different blocks from the same district (left) and among pairs of samples collected in the same block (right). The width of the violins represents the frequency that pairwise distances were detected. Samples found in different blocks within a district are significantly more different from one another than samples collected within the same city block (p\<0.001). Genetically-similar samples tend to cluster within blocks despite each district containing much of the overall genetic diversity among all samples.](pntd.0007910.g002){#pntd.0007910.g002}

![*T*. *cruzi* collected from the same block often forms a monophyletic group.\
The maximum clade credibility phylogeny includes all 123 *T*. *cruzi* samples collected from Arequipa with samples from Mariano Melgar labeled blue and those from La Joya labeled green. Block numbers are labeled for the 48 samples collected from Blocks 1--7 in Mariano Melgar. Black branches represent samples collected from the other districts in the Arequipa region: Bustamante, Cayma, Huanca, Miraflores, Sachaca, Tiabaya, Uchumayo, and Vitor. *T*. *cruzi* from each district, for example, Mariano Melgar and La Joya, span the phylogenetic diversity in the region suggesting that most of the genetic variation in Arequipa can be found within each single district. The *T*. *cruzi* in many blocks within Mariano Melgar were likely introduced from another district as their closest relatives were detected in other districts and not in other blocks within Mariano Melgar. Jagged lines in most basal branch indicate that the branch was shortened for visualization. Posterior probabilities less than 0.80 are labeled for basal nodes. A modifiable phylogeny containing all tip labels and posterior probabilities can be found in [S1 Appendix](#pntd.0007910.s009){ref-type="supplementary-material"}.](pntd.0007910.g003){#pntd.0007910.g003}

10.1371/journal.pntd.0007910.t001

###### Population Genetic Statistics.

![](pntd.0007910.t001){#pntd.0007910.t001g}

                              Avg. Pairwise distance   No. Segregating Sites   π              θ
  --------------------------- ------------------------ ----------------------- -------------- --------------
  123 *T*. *cruzi* isolates   1761.96                  12256                   3.45\*10^−5^   4.46\*10^−5^

10.1371/journal.pntd.0007910.t002

###### There is significant population genetic structure among blocks within districts, but not among districts.

![](pntd.0007910.t002){#pntd.0007910.t002g}

                                                 *P-value*   *% total variation*
  ---------------------------------------------- ----------- ---------------------
  *Variation within blocks*                      0.001       27.828949
  *Variation among blocks within districts*      0.001       67.370526
  *Variation between districts*                  0.41        4.800524
  *Variation within blocks in Mariano Melgar*    N/A         27.44506
  *Variation between blocks in Mariano Melgar*   0.001       72.55494

*T*. *cruzi* collected from the same block tend to be very closely related compared to parasites found in different blocks ([Fig 2](#pntd.0007910.g002){ref-type="fig"}). *T*. *cruzi* gene flow is significantly restricted among blocks in analyses of the whole dataset and in analyses focusing only on Mariano Melgar (p\<0.001; [Table 2](#pntd.0007910.t002){ref-type="table"}). This is consistent with the result that *T*. *cruzi* in different blocks within Mariano Melgar belong to unique genetic clusters ([S1 Fig](#pntd.0007910.s001){ref-type="supplementary-material"}, [S2 Fig](#pntd.0007910.s002){ref-type="supplementary-material"}). Further, *T*. *cruzi* lineages occupying neighboring city blocks are often phylogenetically divergent such that geographic distance is not correlated with evolutionary distance ([Fig 3](#pntd.0007910.g003){ref-type="fig"}).

There is no evidence supporting restricted gene flow among the districts of Arequipa ([Table 1](#pntd.0007910.t001){ref-type="table"}). The majority of the total genomic diversity is present in the two most densely-sampled districts---Mariano Melgar and La Joya ([Fig 3](#pntd.0007910.g003){ref-type="fig"}). Further, the lineages occupying city blocks within Mariano Melgar or La Joya are commonly most closely related to lineages in other districts, suggesting dispersal among districts in the region is not sufficiently restricted to result in population genetic structure.

Genetic linkage among SNPs {#sec004}
--------------------------

Many of the genomic differences among strains are the result of independent assortment of chromosomes or cross-over events that occur during sexual reproduction \[[@pntd.0007910.ref009],[@pntd.0007910.ref010]\]. To account for the potential lack of independence among SNPs in the analyses, a dataset containing the presence or absence of 474 unique recombination events was generated as previously described \[[@pntd.0007910.ref009]\]. All analyses of this dataset showed that using presence/absence of recombination events resulted in nearly identical estimations of relatedness and support for conclusions as the SNP dataset, despite the loss of power. The similarities of the results among these datasets likely results from the identity-by-decent of the recombination events ([S1 Table](#pntd.0007910.s007){ref-type="supplementary-material"}; [S3 Fig](#pntd.0007910.s003){ref-type="supplementary-material"}), making these events evolutionarily informative markers.

Animal husbandry and migration {#sec005}
------------------------------

The number of guinea pigs imported from markets and farms was evaluated for 383 households across a transect in Mariano Melgar \[[@pntd.0007910.ref011]\]. Interestingly a large number of guinea pigs were imported from a market into the blocks in which we detected multiple independent *T*. *cruzi* introductions. The distribution of guinea pigs is also correlated with the density of *Triatoma infestans* vectors, as well as the presence of *T*. *cruzi* in vectors. No correlation between the vector nor parasite population and either dogs or chickens was identified ([S4 Fig](#pntd.0007910.s004){ref-type="supplementary-material"}).

Discussion {#sec006}
==========

Investigations into the impact of environmental change have focused primarily on habitat destruction and extinction of natural fauna \[[@pntd.0007910.ref012]--[@pntd.0007910.ref017]\]. Equally impactful is the creation of novel habitats that can be exploited by non-native species including pests associated with human-altered habitats \[[@pntd.0007910.ref002]\]. Understanding how native and non-native species exploit human altered habitats, especially in human-dense urban habitats, is critical to understanding the distribution and abundance of human diseases. Here, we investigate the dispersal patterns of *Trypanosoma cruzi*, the cause of human Chagas disease, through the urban ecosystem of Arequipa, Peru. The genomic data support the previously described pattern of migration in which dispersal proceeds with little impediment among houses within a city block soon after colonization of the block (Figs [2](#pntd.0007910.g002){ref-type="fig"} and [S1](#pntd.0007910.s001){ref-type="supplementary-material"}) \[[@pntd.0007910.ref005]\]. For example, the *T*. *cruzi* population on Block 5 was founded by a single lineage in 2010 and could be collected from multiple houses throughout the block by 2011 ([Fig 3](#pntd.0007910.g003){ref-type="fig"}) \[[@pntd.0007910.ref005]\]. Establishing a novel *T*. *cruzi* population in a city block, however, is a rare event as no *T*. *cruzi* were detected in a majority of blocks and blocks harboring a population tend to contain only a single genetic lineage suggestive of a single colonization event ([Fig 3](#pntd.0007910.g003){ref-type="fig"}). Interestingly, geographic proximity to blocks harboring a *T*. *cruzi* population increases the establishment probability of that block only slightly (Figs [3](#pntd.0007910.g003){ref-type="fig"} and [S1](#pntd.0007910.s001){ref-type="supplementary-material"}). Further, the *T*. *cruzi* lineages in eight of the 12 blocks investigated in the Mariano Melgar district were most closely related to *T*. *cruzi* found only in a geographically distant district of the region suggesting that inter-district immigration is not less likely than immigration from proximal blocks ([Fig 3](#pntd.0007910.g003){ref-type="fig"}). The dispersal pattern observed in Arequipa is the likely result of relatively rare immigration to blocks without an established *T*. *cruzi* population and a low probability of establishing a population after immigration. These patterns support a model of gene flow in which city blocks are relatively homogenous, high-quality patches that allow within-block gene flow, separated by inhospitable barriers (*i*.*e*. roads and streets) that greatly reduce gene flow between adjacent blocks but that can act as conduits for inter-district gene flow through the aided movement of infected hosts or vectors.

The population genetic and phylogenetic analyses suggest that limited barriers to *T*. *cruzi* gene flow exist within city blocks. After *T*. *cruzi* establishes in a new block, the population readily disperses to neighboring houses within the block, likely within infected vectors that readily move between houses through shared walls \[[@pntd.0007910.ref006],[@pntd.0007910.ref018]\]. *T*. *cruzi* population expansion within blocks is likely the result of the abundance of resources for both the parasite and its vector. For example, many households raise guinea pigs--which are particularly important reservoirs of *T*. *cruzi* \[[@pntd.0007910.ref005],[@pntd.0007910.ref018]--[@pntd.0007910.ref024]\] --in addition to housing dogs and humans, which offer an abundance of blood meals for the vector and competent hosts for the parasite \[[@pntd.0007910.ref005]\]. These data suggest that blocks remain free of *T*. *cruzi* due to either low rates of immigration or low probabilities of establishment as populations thrive once established.

The discontiguous distribution of *T*. *cruzi* across city blocks suggests that dispersal between adjoining blocks is rare. *T*. *cruzi* was not detected in a majority of city blocks surveyed between 2008--2012 \[[@pntd.0007910.ref005]\], despite many containing an active vector population ([S5 Fig](#pntd.0007910.s005){ref-type="supplementary-material"}). Further, many blocks with a large *T*. *cruzi* population support only a single lineage suggesting most blocks were colonized only once ([Fig 3](#pntd.0007910.g003){ref-type="fig"}). These data suggest either strong barriers to dispersal among city blocks or barriers that hinder the establishment of new populations. Prior investigations demonstrated that streets are a barrier to *T*. *infestans* dispersal, the primary vector of *T*. *cruzi* in the area \[[@pntd.0007910.ref006],[@pntd.0007910.ref025]\], which is consistent with the behavior of other species in urban areas \[[@pntd.0007910.ref026]--[@pntd.0007910.ref028]\]. Nevertheless, dispersal of both *T*. *cruzi* and *T*. *infestans* has occurred between neighboring blocks, especially in older areas of the city. For example, a single *T*. *cruzi* lineage colonized neighboring Blocks 1--4 and a sample collected in Block 6 appears to have migrated from Block 7 ([Fig 3](#pntd.0007910.g003){ref-type="fig"}). By contrast, the recently established population in Block 5 \[[@pntd.0007910.ref005]\] has not invaded neighboring blocks ([Fig 3](#pntd.0007910.g003){ref-type="fig"}). These data suggest that migration to adjacent blocks is relatively rare but can occur given sufficient time, supporting the hypothesis of a low inter-block dispersal rate.

The distribution of *T*. *cruzi* across city blocks is comparatively more fragmented than the distribution of its vector, suggesting that the parasite faces barriers to dispersal in addition to those encountered by the vector. These barriers could result from both life history characteristics of *T*. *cruzi--*such as inefficient transmission from vectors to hosts \[[@pntd.0007910.ref020],[@pntd.0007910.ref029]\] --and specific environmental features within blocks--such as the absence of vectors, competitive interactions with previously established *T*. *cruzi* lineages, or human-specific activity patterns--any of which could reduce the probability of establishing a population after introduction. The low transmission probability from vectors to hosts likely has a large impact on the probability of establishing a *T*. *cruzi* population because the parasite is not vertically \[[@pntd.0007910.ref030]\] nor horizontally \[[@pntd.0007910.ref023]\] transmitted between vectors. Therefore, *T*. *cruzi* may be unable to establish a population in a new block even if its infected vector successfully establishes a population. Indeed, many blocks contain an active vector population but do not harbor any *T*. *cruzi* ([S5 Fig](#pntd.0007910.s005){ref-type="supplementary-material"}). While the dispersal of *T*. *infestans* is hindered by streets, there is some local between-block dispersal such that blocks within 5km of one another have an increased probability of harboring closely-related *T*. *infestans* \[[@pntd.0007910.ref006],[@pntd.0007910.ref007]\]. Conversely, there is minimal evidence of local *T*. *cruzi* dispersal such that migration primarily occurs within blocks and between districts.

The geographic distribution of *T*. *cruzi* may also be impacted by the historical or current diversity of environmental features among city blocks, which could result in different immigration rates or establishment probabilities on each block \[[@pntd.0007910.ref031]\]. For example, one block within the heavily sampled Mariano Melgar district ([Fig 3](#pntd.0007910.g003){ref-type="fig"}, Block 6) contains six unique *T*. *cruzi* lineages ([Fig 3](#pntd.0007910.g003){ref-type="fig"}), including one that immigrated from a proximal block (Block 7) and five that immigrated from different districts in the Arequipa region. By contrast, all other blocks have received no more than two independent introductions. The immigration and establishment of multiple lineages from adjacent and distant areas into one block may have resulted from unique environmental features or human activities such as the breeding or trading of guinea pigs \[[@pntd.0007910.ref011]\].

The source of the immigrants that establish in each block do not appear to be more likely to originate from proximal blocks (four events) than from other districts (ten events) ([Fig 3](#pntd.0007910.g003){ref-type="fig"}). That is, the closest relatives of the lineages inhabiting each block are often found across Arequipa and not necessarily the closest block with an active infestation. *T*. *cruzi* gene flow among districts is unlikely to be mediated by natural dispersal of infected vectors because *T*. *infestans* can only fly \~1km and do so only under stressful conditions such as starvation; an unlikely occurrence in human- and animal-occupied houses \[[@pntd.0007910.ref032],[@pntd.0007910.ref033]\]. Interdistrict *T*. *cruzi* gene flow may instead be facilitated by the human-mediated transport of infected vectors or hosts. That is, human movement along the transportation infrastructure of the connected urban centers could facilitate the migration of *T*. *infestans* and reservoir species of *T*. *cruzi* among districts \[[@pntd.0007910.ref034]\]. One potential hypothesis is human-mediated transport of guinea pigs, which are regularly brought to the study area from farms or purchased at a market (\~8% of all individual guinea pigs). Given the small sample size, *T*. *cruzi* introductions cannot be statistically correlated with the number of guinea pigs imported onto infected blocks. However, the high rate of inter-district guinea pig importation is likely to increase the probability of inter-district *T*. *cruzi* dispersal given that a single infected guinea pig can infect many vectors over its years-long lifetime \[[@pntd.0007910.ref005],[@pntd.0007910.ref021],[@pntd.0007910.ref024]\]. The hypothesis that guinea pigs can infect many vectors is further supported because the number of guinea pigs is correlated with the density of *T*. *infestans* ([S4 Fig](#pntd.0007910.s004){ref-type="supplementary-material"}), showing that the presence of guinea pigs helps support a large vector population which increases the number of potential *T*. *cruzi* vectors.

The *T*. *cruzi* genotypes sampled in Arequipa are exceptionally uniform, as discussed previously \[[@pntd.0007910.ref003]\] and as shown in previous reports of the broader region surrounding Arequipa \[[@pntd.0007910.ref035]\]. Most *T*. *cruzi* sampled here were isolated from the only vector species in Arequipa, *T*. *infestans*, which reduces dataset biases for specific *T*. *cruzi* genotypes as *T*. *cruzi* from all infected mammal hosts must be transmitted to *T*. *infestans* to complete its life cycle. The *T*. *cruzi* samples were isolated from dogs and guinea pigs support this hypothesis as these samples are closely related to those isolated from vectors. Further, because *T*. *cruzi* must pass through *T*. *infestans* to complete its life cycle, the parasite must infect a vector in order to proliferate in a new environment. Previous studies in domestic settings have found that the vector population harbors a more diverse *T*. *cruzi* population than hosts, suggesting that vectors carry the strains in local hosts in addition to strains not yet transmitted from vector to host \[[@pntd.0007910.ref036]\]. One potential caveat is that *T*. *cruzi* genotypes residing long-term in mammalian hosts that have not transmitted to bugs will remained unsampled. Indeed, the only *T*. *cruzi* isolated from a human in this dataset has a unique genotype from those sequenced from bugs, dogs, and guinea pigs \[[@pntd.0007910.ref003]\]. However, epidemiological models suggest that infected hosts are likely to transmit *T*. *cruzi* to vectors given sufficient time and vector abundance. That is, one infected human infects 21 vectors on average while 100 vectors on average are needed to infect one human \[[@pntd.0007910.ref037],[@pntd.0007910.ref038]\]. By sampling *T*. *cruzi* primarily from vectors we likely capture the least biased representation of the diversity in the city in order to determine how a single population of *T*. *cruzi* migrated through Arequipa.

The data presented here demonstrate that urban areas such as Arequipa represent a patchwork of disconnected habitable areas, city blocks, with limited *T*. *cruzi* gene-flow among blocks and few barriers to gene-flow within blocks. The among-block gene flow that has occurred does not appear to be correlated with geographic distance, with many migration events occurring between districts that are unlikely to be traversed by vectors or mammalian hosts in the absence of human aid. These data support the hypothesis that considerable *T*. *cruzi* gene flow is facilitated by human transport of infected vectors or hosts. Such long-distance dispersal across the urban ecosystem may be possible for any species capable of exploiting human activity as a mechanism for migration. Without human-mediated migration, a *T*. *cruzi* population may be confined to individual blocks with infrequent dispersal across the barriers between blocks. These results highlight a difficulty in controlling dispersal of parasites like *T*. *cruzi* in urban areas. Long-term, city-wide vector control campaigns and continuous vector surveillance activities may be required to prevent spread of *T*. *cruzi* to new areas.

Methods {#sec007}
=======

Ethics statement {#sec008}
----------------

The Institutional Animal Care and Use Committee (IACUC) of Universidad Peruana Cayetano Heredia reviewed and approved the animal-handling protocol used for this study (identification number 59605). The Universidad Peruana Cayetano Heredia Ethics Committee provided approval for human subject research and for the collection of bugs from households (identification number 52186). Human subject research participants provided written consent for the collection of bugs from his or her household and for human subject research. The IACUC of Universidad Peruana Cayetano Heredia is registered in the National Institutes of Health at the United States of America with PHS Approved Animal Welfare Assurance Number A5146-01 and adheres to the Animal Welfare Act of 1990 \[[@pntd.0007910.ref003],[@pntd.0007910.ref039]\].

Sample collection and study site {#sec009}
--------------------------------

Briefly, 123 *T*. *cruzi* samples were isolated from infected *Triatoma infestans* bugs (N = 114), dogs (N = 2), and guinea pigs (N = 7) from houses throughout Arequipa, Peru ([Fig 1A](#pntd.0007910.g001){ref-type="fig"}). Nearly half of the samples isolated from *T*. *infestans* (N = 56) were collected during intensive inspections of houses and surrounding areas along an established transect within the Mariano Melgar district ([Fig 1B](#pntd.0007910.g001){ref-type="fig"}) in 2010 and 2011 as previously described \[[@pntd.0007910.ref005]\]. An effort was made to inspect every house along this transect and collect bugs whenever possible such that *T*. *cruzi* isolates from most houses that harbored infected bugs were sequenced ([S5 Fig](#pntd.0007910.s005){ref-type="supplementary-material"}). In 2011, in-depth interviews were conducted in each participating household that focused on animal husbandry \[[@pntd.0007910.ref011]\]. *T*. *cruzi* DNA was extracted from each sample and sequenced to an average depth of \>50X as described previously \[[@pntd.0007910.ref009]\].

Whole genome assembly {#sec010}
---------------------

Genomes were assembled using bowtie2 \[[@pntd.0007910.ref040]\] and the most closely related reference genome, TcJR clone 4, obtained from TriTrypDB \[[@pntd.0007910.ref041]\]. Only the 333 contigs longer than 10kb were used for the assembly to avoid spurious alignments for a total genome assembly that includes 28Mbp. This assembly largely excluded the extensive repeat regions found throughout the *T*. *cruzi* genome. Duplicate reads were removed using Picard MarkDuplicates \[[@pntd.0007910.ref042]\].

SNP calling {#sec011}
-----------

Individual genomic Variant Call Format (gVCF) files containing SNP data for each sample were generated using GATK HaplotypeCaller \[[@pntd.0007910.ref042],[@pntd.0007910.ref043]\] following GATK's Best Practices procedure \[[@pntd.0007910.ref044],[@pntd.0007910.ref045]\]. A joint genotype file containing all polymorphic sites from all samples was created using GATK GenotypeGVCF. Insertion-deletion mutations were not excluded in the joint genotype file. Polymorphic loci were hard-filtered by quality using GATK VariantFiltration, requiring Fisher strand bias (FS) \<40, mapping quality \>30, and quality by depth \>10. Only loci for which all samples achieved a minimum depth of 20X and a Genotype Quality score greater than 40 were included. These filters maximized the number of polymorphic sites identified while ensuring that duplicate and triplicate sequences resulted in identical SNP datasets. The final consensus SNP panel included 9271 polymorphic sites.

Population genetic analyses {#sec012}
---------------------------

VCF files were converted to plink format using vcftools \[[@pntd.0007910.ref046]\] and plink \[[@pntd.0007910.ref047]\]. Violin plots were used to visualize pairwise SNP distances between samples collected at different spatial scales using ggplot2 \[[@pntd.0007910.ref048]\] in R \[[@pntd.0007910.ref049]\]. AMOVA was performed using the *poppr* package in R \[[@pntd.0007910.ref050]\]. Principle component analyses (PCA) were performed using Tassel 5 \[[@pntd.0007910.ref051]\]. Phylogenetic relationships among *T*. *cruzi* isolates were inferred using a maximum clade credibility (MCC) phylogenetic tree reconstructed using BEAST 1.8.4 \[[@pntd.0007910.ref052]\]. The best-fitting substitution model was determined using BEAST Model Test implemented in BEAST2 \[[@pntd.0007910.ref053]\]. Starting from a UPGMA starting tree, the model implemented a Kimura 3-parameter substitution model with equal base frequencies, an Extended Bayesian Skyline coalescent tree prior \[[@pntd.0007910.ref054]\], and a strict molecular clock. Log files were examined for convergence using Tracer v1.6.0 \[[@pntd.0007910.ref055]\] ensuring ESS values above 200. The MCC tree was calculated using TreeAnnotator 1.8.4 with 10% burn-in and visualized in FigTree (available at [http://beast.bio.ed.ac.uk](http://beast.bio.ed.ac.uk/)). Phylogenetic analyses were performed using the BEAGLE library to increase computation speed \[[@pntd.0007910.ref056],[@pntd.0007910.ref057]\]. Up to 100 independent iterations of ADMIXTURE \[[@pntd.0007910.ref058]\] were run for each number of genetic clusters (K, ranging from 2 to 10) assuming linkage disequilibrium until the log-likelihood increased by less than ε = 10^−4^ between iterations. The optimal number of clusters was estimated to be 4 by the cross-validation score averaged across 100 iterations ([S6 Fig](#pntd.0007910.s006){ref-type="supplementary-material"}). The optimal alignment of the 100 iterations was calculated using CLUMPP \[[@pntd.0007910.ref059]\].

Animal husbandry and host dispersal data {#sec013}
----------------------------------------

Households across a transect in the Mariano Melgar district (N = 383) were surveyed for information including the number of guinea pigs owned, the number obtained from markets and farms, and the location of the markets or farms \[[@pntd.0007910.ref011]\]. The number of guinea pigs imported from markets or farms from outside of Mariano Melgar was aggregated at the block level. *T*. *cruzi* genomes and guinea pig data were available for 8 blocks in Mariano Melgar (Blocks 1--8). The minimum number of *T*. *cruzi* introductions to each block was estimated based on phylogenetic relationship ([Fig 3](#pntd.0007910.g003){ref-type="fig"}) and was correlated to the number of guinea pigs imported. Blocks 1--4 were treated as one block because they share a single, recent common ancestor, indicative of a single introduction.

Supporting information {#sec014}
======================

###### ADMIXTURE analysis for K = 4 genetic clusters shows that similar genotypes tend to cluster within a block.

The colors of each pie chart represent the likelihood that a sample belongs to each of four genetic clusters. Each color (blue, yellow, orange, grey) represent a unique genetic cluster. There is significant clustering of identical genotypes within blocks 1--4, 5, and 7. Block 6 contains an exceptionally diverse population of *T*. *cruzi*. Block 8--12 have few samples per block, but the samples collected in each block are distinct from those collected elsewhere in the district. Blocks are displayed in a grid to maintain privacy.

(TIF)

###### 

Click here for additional data file.

###### Principal component analysis shows genetic similarity of T. cruzi collected from the same city block within the Mariano Melgar district.

PCA was calculated using 56 samples. The centroids of all samples from each city block with standard error bars are shown here. Each of the seven samples collected in Block 6 are represented by a red X because they occupy disparate portions of the PCA space. One sample collected in Block 7 is unique and is thus represented by its own point.

(TIF)

###### 

Click here for additional data file.

###### Using only presence/absence for each of 474 recombination events in place of genotype data, the *T. cruzi* isolates collected from the same block are genetically highly similar.

Violin plots show the number of pairwise differences in unique recombination events. Difference between all pairs of 123 samples, among pairs of samples collected in different blocks from the same district, and among pairs of samples collected in the same block, are shown. These results recapitulate the results found using genome-wide SNP data: The distribution of differences among samples between blocks among districts is larger than the distribution among all samples, the differences among samples within blocks are significantly smaller than expected given the diversity in the dataset (p\<0.001). The results that genetically-similar samples cluster in blocks while the overall diversity is distributed among districts do not vary regardless of the data set analyzed (recombination events or genome-wide SNP data).

(TIF)

###### 

Click here for additional data file.

###### The density of guinea pigs per block is correlated with the number of *T. infestans* vectors in Mariano Melgar.

The average number of non-human hosts and *T*. *infestans* vectors was counted for each house along a 2km transect in Mariano Meglar. The distribution of guinea pigs along the transect is similar to the distribution of the vector. The number of dogs and chickens remains relatively constant across the transect and is not correlated with vector population densities. The y-axis depicts the average count of each species per house. Approximate location along the transect of numbered blocks from [Fig 1](#pntd.0007910.g001){ref-type="fig"} are shown.

(TIF)

###### 

Click here for additional data file.

###### Many blocks with active *T. infestans* populations remain uninfected with *T. cruzi*.

Blocks containing infected vectors are colored red, blocks where only uninfected vectors were found are colored orange, and blocks where no vectors were detected are colored white \[[@pntd.0007910.ref060]\]. Blocks where an infected vector was found but the parasite genome was not sequenced here are represented by red blocks without block numbers. Blocks above the blue line were meticulously surveyed for parasites at four timepoints. Blocks below the blue line were surveyed by the Ministry of Health. *T*. *cruzi*-infected vectors were found in three additional blocks in Mariano Melgar outside of this region.

(TIF)

###### 

Click here for additional data file.

###### Cross-validation scores for each genetic cluster (K) averaged across 100 iterations.

Standard error bars are shown for each value. K = 4 was determined to be the optimal number of genetic clusters.

(TIF)

###### 

Click here for additional data file.

###### Using only presence/absence for each of 474 recombination events in place of genotype data, AMOVA performed across Arequipan *T. cruzi* isolates shows significant structure within blocks.

(DOCX)

###### 

Click here for additional data file.

###### Sample collection location, source, and year.

(DOCX)

###### 

Click here for additional data file.

###### Maximum clade credibility phylogenetic reconstruction.

Newick file allows enhanced visualization of the phylogeny ([Fig 1](#pntd.0007910.g001){ref-type="fig"}) using software including FigTree (available at [http://beast.bio.ed.ac.uk](http://beast.bio.ed.ac.uk/)). By default, tips are labeled with sample and branches in major clades are colored by location. Collection locations (district and block number within district) and dates for each sample can be found in [S2 Table](#pntd.0007910.s008){ref-type="supplementary-material"}.

(NWK)

###### 

Click here for additional data file.
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16 Dec 2019

Dear Dr Berry:

Thank you very much for submitting your manuscript \"Dispersal patterns of Trypanosoma cruzi in Arequipa, Peru\" (\#PNTD-D-19-01885) for review by PLOS Neglected Tropical Diseases. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important problem, but raised some substantial concerns about the manuscript as it currently stands. As detailed below, these concerns are mainly referred to the sampling and analysis of the data. In addition to the reviewers\' comments, we would like to stress that it is known that even within \'restricted\' domiciliary settings the presence of distinct parasite genotypes circulating in different hosts (i.e. humans, dogs, triatomines) has been described, which may contribute to the overall genotypic variability. Therefore, it should be considered (at least discussed) that sampling mostly triatomines may have biased somehow the results. These issues must be addressed before we would be willing to consider a revised version of your study. We cannot, of course, promise publication at that time.

We therefore ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points made by each reviewer.

When you are ready to resubmit, please be prepared to upload the following:

\(1\) A letter containing a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

\(2\) Two versions of the manuscript: one with either highlights or tracked changes denoting where the text has been changed (uploaded as a \"Revised Article with Changes Highlighted\" file); the other a clean version (uploaded as the article file).

\(3\) If available, a striking still image (a new image if one is available or an existing one from within your manuscript). If your manuscript is accepted for publication, this image may be featured on our website. Images should ideally be high resolution, eye-catching, single panel images; where one is available, please use \'add file\' at the time of resubmission and select \'striking image\' as the file type.

Please provide a short caption, including credits, uploaded as a separate \"Other\" file. If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License at <http://journals.plos.org/plosntds/s/content-license> (NOTE: we cannot publish copyrighted images).

\(4\) If applicable, we encourage you to add a list of accession numbers/ID numbers for genes and proteins mentioned in the text (these should be listed as a paragraph at the end of the manuscript). You can supply accession numbers for any database, so long as the database is publicly accessible and stable. Examples include LocusLink and SwissProt.

\(5\) To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see <http://journals.plos.org/plosntds/s/submission-guidelines#loc-methods>

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/> PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

We hope to receive your revised manuscript by Feb 14 2020 11:59PM. If you anticipate any delay in its return, we ask that you let us know the expected resubmission date by replying to this email.

To submit a revision, go to <https://www.editorialmanager.com/pntd/> and log in as an Author. You will see a menu item call Submission Needing Revision. You will find your submission record there.

Sincerely,

Carlos A. Buscaglia, PhD

Associate Editor

PLOS Neglected Tropical Diseases

Eric Dumonteil

Deputy Editor

PLOS Neglected Tropical Diseases

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Key Review Criteria Required for Acceptance?**

As you describe the new analyses required for acceptance, please consider the following:

**Methods**

-Are the objectives of the study clearly articulated with a clear testable hypothesis stated?

-Is the study design appropriate to address the stated objectives?

-Is the population clearly described and appropriate for the hypothesis being tested?

-Is the sample size sufficient to ensure adequate power to address the hypothesis being tested?

-Were correct statistical analysis used to support conclusions?

-Are there concerns about ethical or regulatory requirements being met?

Reviewer \#1: yes to all questions

Reviewer \#2: My main concern refers to the origin of the samples which is not clear to me. Please indicate how many bugs from how many houses originated the 123 samples employed. I would suggest including in Suppl Table2 the host from which each sample was isolated, and the ecotope in the house where the bugs were collected from. Also, I would suggest ordering the information of this table by district, block and house (and not by district only as it is now) (i.e.: District, Block number, house number, host, number of samples).

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Results**

-Does the analysis presented match the analysis plan?

-Are the results clearly and completely presented?

-Are the figures (Tables, Images) of sufficient quality for clarity?

Reviewer \#1: yes to all questions

Reviewer \#2: Albeit I\'m not a genetist, or perhaps because of that, I have some doubts regarding the genetic distances informed: In Results section (First paragraph). How can the average pairwise genetic distance between all samples be smaller (1726 SNPs) than the average pairwise distance between samples from different blocks within each district (1925 SNPs)?

In Results section (First paragraph of page 9) Can the limited genetic diversity within each block be due to a small number of houses sampled in each block?

In Results section (First paragraph of page 10) I wonder if the observed pattern could be due to the fact that one or few houses have been sampled rather than "a block" effect. It is not clear to me if the effect of different houses within a block can be assessed with this sampling design.

Regarding Figure 3's legend. Is it not expected that districts that are more deeply (i.e Mariano Melgar and La Joya) sample exhibit a higher genetic diversity?

Results section after the tables, page 12. Authors state "T. cruzi collected from different blocks tend to be unrelated regardless of spatial proximity (Fig 2)" Based on which analyses have the authors based this statement? I do not agree Fig 2 illustrates this statement. Also Supl. Fig 2 seems to show that the very distinct genotypes from Block 6 and Block 7 were very near.

Have you analyzed if there are any differences due to the year of sample collection?

Discussion-First paragraph. "The genomic data support a pattern of migration in which dispersal proceeds with little impediment among houses within a city block soon after colonization of the block (Fig. 2 and S1)." How do the authors know that "soon after colonization"? I believe the authors have not done any temporal analyses.

Discussion-Page 15 Second paragraph. Could the observed pattern be explained just by a recent colonization of the block (not by real barriers) and with time and transmission occurrence other neighboring blocks be colonized as in blocks 1-4?

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Conclusions**

-Are the conclusions supported by the data presented?

-Are the limitations of analysis clearly described?

-Do the authors discuss how these data can be helpful to advance our understanding of the topic under study?

-Is public health relevance addressed?

Reviewer \#1: yes to all questions

Reviewer \#2: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Editorial and Data Presentation Modifications?**

Use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity. If the only modifications needed are minor and/or editorial, you may wish to recommend "Minor Revision" or "Accept".

Reviewer \#1: see general comments

Reviewer \#2: -Line numbers are missing.

-I was not able to distinguish the colors in Figure 3. Could making lines thicker improve this figure?

-Please include axes legends of Supl Fig 4.

-M&M Please spell out VCF (in ref to VCF files).

Discussion. Page 14. "Interestingly, geographic proximity to blocks with an active population increases the establishment probability of that block only slightly (Figs 3 and S1)" What do authors consider "Active population" ? Please clarify.

Please revise Table 2 legend. It includes, in fact among district data.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Summary and General Comments**

Use this section to provide overall comments, discuss strengths/weaknesses of the study, novelty, significance, general execution and scholarship. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. If requesting major revision, please articulate the new experiments that are needed.

Reviewer \#1: in this study, Brisson et al use high resolution genomic tools (multilocus SNP) to survey the dispersal patterns of Trypanosoma cruzi among different districts of Arequipa (Peru). The metholology is sound and the conclusions are convincing.

The paper may be accepted as it is. However, the following points might be considered:

\(i\) it would have been informative to characterize the isolates of the present study by comparison with the general classification of T. cruzi genotypes (DTU TcI-VI). It can be guessed that all Arequipa isolates are TcI. However, the adding of a few reference strains would have been informative. The relative genetic uniformity of T. cruzi genotypes of the present study clashes with former studies in which the presence of highly distinct DTUs has been evidenced in Arequipa (Brenière et al., 1985, Isoenzymic studies and epidemiological data of Trypanosoma cruzi from Arequipa (Peru), Pacific side. Ann. Soc. belge méd. trop. 65 (suppl.1): 63-66).

\(ii\) Isn\'t it possible to have an idea about the age of the most common ancestor (MCA) of these lineages? For example, using similar methodologies, yhe origin of the Escherichia coli ST131 clone has been dated a little bit before 2000 (\"measurably evolving pathogens\") (Stoesser N, Sheppard AE, Pankhurst L, De Maio N, Moore CE, Sebra R, et al. (2016) Evolutionary History of the Global Emergence of the Escherichia coli Epidemic Clone ST131. mBio 7: eo2162-15.). Such dating would be quite relevant in the present study.

typo page 17 line 14: \"hwoever\".

Reviewer \#2: In this manuscript the authors describe the genetic diversity of Trypanosoma cruzi, the etiological agent of Chagas disease by using in depth sequencing. This is an interesting manuscript describing the distribution of genotypes at different scales in Arequipa. The results are original and clearly within the scope of the journal. There are however some major points that should in my opinion be addressed by the authors before the manuscript can be accepted for publication.

Major comments.

Can we really speak of dispersal of T. cruzi? Is it not a distribution pattern analyses?

As no human-related isolate has been analyzed in this study, I think this should be clarified in the title, in the abstract and throughout the discussion of the manuscript.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosntds/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

10.1371/journal.pntd.0007910.r002
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31 Jan 2020

###### 

Submitted filename: migration_paper_reviewer_comments_responses.docx

###### 

Click here for additional data file.
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18 Feb 2020

Dear Dr, Alexander Berry

We are pleased to inform you that your manuscript \'Dispersal patterns of Trypanosoma cruzi in Arequipa, Peru\' has been provisionally accepted for publication in PLOS Neglected Tropical Diseases.

Before your manuscript can be formally accepted you will need to complete some formatting changes, which you will receive in a follow up email. A member of our team will be in touch within two working days with a set of requests.

Please note that your manuscript will not be scheduled for publication until you have made the required changes, so a swift response is appreciated.

IMPORTANT: The editorial review process is now complete. PLOS will only permit corrections to spelling, formatting or significant scientific errors from this point onwards. Requests for major changes, or any which affect the scientific understanding of your work, will cause delays to the publication date of your manuscript.

Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us now if you or your institution is planning to press release the article. All press must be co-ordinated with PLOS.

Thank you again for supporting Open Access publishing; we are looking forward to publishing your work in PLOS Neglected Tropical Diseases.

Best regards,

Carlos A. Buscaglia, PhD

Associate Editor

PLOS Neglected Tropical Diseases

Eric Dumonteil

Deputy Editor

PLOS Neglected Tropical Diseases

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Key Review Criteria Required for Acceptance?**

As you describe the new analyses required for acceptance, please consider the following:

**Methods**

-Are the objectives of the study clearly articulated with a clear testable hypothesis stated?

-Is the study design appropriate to address the stated objectives?

-Is the population clearly described and appropriate for the hypothesis being tested?

-Is the sample size sufficient to ensure adequate power to address the hypothesis being tested?

-Were correct statistical analysis used to support conclusions?

-Are there concerns about ethical or regulatory requirements being met?

Reviewer \#1: answer to all queries: yes

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

**Results**

-Does the analysis presented match the analysis plan?

-Are the results clearly and completely presented?

-Are the figures (Tables, Images) of sufficient quality for clarity?

Reviewer \#1: answer to all queries: yes

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

**Conclusions**

-Are the conclusions supported by the data presented?

-Are the limitations of analysis clearly described?

-Do the authors discuss how these data can be helpful to advance our understanding of the topic under study?

-Is public health relevance addressed?

Reviewer \#1: answer to all queries: yes

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

**Editorial and Data Presentation Modifications?**

Use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity. If the only modifications needed are minor and/or editorial, you may wish to recommend "Minor Revision" or "Accept".

Reviewer \#1: accept

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

**Summary and General Comments**

Use this section to provide overall comments, discuss strengths/weaknesses of the study, novelty, significance, general execution and scholarship. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. If requesting major revision, please articulate the new experiments that are needed.

Reviewer \#1: the authors have addressed all my points. The paper is acceptable as it is.

Reviewer \#2: All my previous comments and concerns have been addressed. I thank the authors for their kind explications. I consider this version of the manuscript is suitable for publication.

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosntds/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No
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4 Mar 2020

Dear Dr. Berry,

We are delighted to inform you that your manuscript, \"Dispersal patterns of Trypanosoma cruzi in Arequipa, Peru,\" has been formally accepted for publication in PLOS Neglected Tropical Diseases.

We have now passed your article onto the PLOS Production Department who will complete the rest of the publication process. All authors will receive a confirmation email upon publication.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any scientific or type-setting errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript. Note: Proofs for Front Matter articles (Editorial, Viewpoint, Symposium, Review, etc\...) are generated on a different schedule and may not be made available as quickly.

Soon after your final files are uploaded, the early version of your manuscript will be published online unless you opted out of this process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Neglected Tropical Diseases.

Best regards,

Serap Aksoy

Editor-in-Chief

PLOS Neglected Tropical Diseases

Shaden Kamhawi

Editor-in-Chief

PLOS Neglected Tropical Diseases
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